Using a scanning nuclear microprobe, the distribution of elements and trace elements of skin cross sections of normal skin, non-lesional psoriatic skin and in dry atopic skin have been mapped. In non-lesional psoriatic skin and in dry atopic skin the epidermal Ca-gradient is higher than that of normal skin. In addition, abnormally high Fe and Zn levels were recorded in the stratum granulosum and corneum regions in the pathological skin. It is suggested that these ¢ndings correlate to an increased cell turnover in the basal cell layer of the psoriatic and atopic skins. The ratio of Ca/Zn in stratum corneum of paralesional psoriatic skin is approximately 8 : 1 compared to 12 : 1 in normal skin and 15 : 1 in atopic skin. This suggests that the di¡erentiation process in paralesional psoriatic skin may actually be an example of disturbed programmed cell death. Key words: apoptosis; calcium; trace elements; human skin; particle probe analysis; PIXE. Trace elements such as calcium (Ca), zinc (Zn) and iron (Fe) have been shown to be involved in the regulation of cell turnover, cell metabolism and in the case of Ca and Zn in the ¢nal extinction process often expressed in the process of apoptosis (1, 5). We have assessed the levels of these trace elements in normal and pathological skin in order to contribute to the elucidation of their physiological roles in the chosen conditions, dry atopic skin and clinically normal skin from psoriatics compared with skin from non-a¥icted individuals. In this process we have tentatively interpreted our data in light of the presentday knowledge of apoptosis, which shares a number of characteristics with the normal corni¢cation process that is the ¢nal part of epidermal di¡erentiation.
Trace elements such as calcium (Ca), zinc (Zn) and iron (Fe) have been shown to be involved in the regulation of cell turnover, cell metabolism and in the case of Ca and Zn in the ¢nal extinction process often expressed in the process of apoptosis (1, 5) . We have assessed the levels of these trace elements in normal and pathological skin in order to contribute to the elucidation of their physiological roles in the chosen conditions, dry atopic skin and clinically normal skin from psoriatics compared with skin from non-a¥icted individuals. In this process we have tentatively interpreted our data in light of the presentday knowledge of apoptosis, which shares a number of characteristics with the normal corni¢cation process that is the ¢nal part of epidermal di¡erentiation.
The epidermis represents a special kind of tissue in that the transformation of the keratinocytes into the corneocytes of the stratum corneum represents an advanced metamorphosis of the basal cell progeny. During the process of di¡erentiation the keratinocytes not only produce the intracellular ¢brous protein keratin, synthesize proteins that will form the corneocyte envelope, they also produce enzymes active at di¡erent di¡erentiation stages and some possibly responsible for the shedding of the stratum disjunctum cells (cf. 10). In addition, a number of lipids that will constitute the chemical barrier will be produced during the di¡erentiation process. As the transformed cells of the stratum granulosum move into the corneocyte compartment, i.e. the stratum corneum, there is a complete dissolution of the nuclear material that has already been compacted in the stratum granulosum layer. Obviously, such a process shares a number of characteristics with the apoptosis process, as evidenced in other cellular systems (cf. 1, 8, 12, 16, 18) .
Studies focusing on epidermal apoptosis have centred mainly around immunological and biochemical markers rather than ion markers. It is therefore interesting to note that in the development of epidermal tissue cultures a Ca 2z content of the culture medium exceeding 0.1 mM Ca 2z was necessary for the production of a complete epidermis with a stratum corneum (17) . A lower Ca 2z content results in an incomplete corni¢ca-tion of the stratum corneum cells. In the wake of our studies of the elemental distributions over skin cross sections using particle probes, X-ray microanalysis (XRMA) in the scanning transmission microscope, and proton-induced X-ray emission (PIXE) analysis, the study of pathological skin has revealed interesting data on trace element levels, e.g., Ca, Fe and Zn, in normal and pathologically changed epidermal tissues. Here we summarize some recent ¢ndings that may have a direct bearing on the programmed cell death in the human epidermis.
METHODS AND MATERIAL
Skin biopsies were obtained from ¢ve patients (29^50 years) with a clinically veri¢ed diagnosis of atopic dermatitis according to the criteria of Hani¢n-Rajka (9). All patients had dry, non-eczematous skin on the back where biopsies were taken under local anaesthesia (lidocain/adrenalin) with a 4 mm punch. This skin had not been topically treated with any ointment 1 week before biopsy. Normal skin biopsies for control were taken from a corresponding area of eight healthy volunteers in matching age range with no records of skin disorders or family history of atopy. In a corresponding manner, skin biopsies were immediately obtained from the lower back in six psoriatics at least 3 cm from lesions or lesional rests.
The biopsies were immediately quench-frozen in liquid nitrogen and stored in a deep freezer at^20³C. Sectioning was performed at^20³C in a cryostat (AMES, LAB-TEK) with a nominal section thickness of 16 mm. The sections were transferred to specimen support rings covered with KimfolH foil, which gives virtually no contribution to the particle induced X-ray spectrum. The complete specimen support sandwich was stored in sealed vessels with drying material to prevent water uptake until analysis. The particle probe technique, including sampling of specimens and processing for analysis, has been presented in detail elsewere (7, 15) .
Informed consent was obtained from all probands. Permission to conduct the investigation was given by the Ethics Committee of the Karolinska Institute and the University of Uppsala, respectively.
Statistics
A multivariate statistical method was applied to analyse the covariation of trace elements with the three main strata of the epidermis as related to distributions in normal skin, atopic dry skin and paralesional psoriatic skin. The method makes it possible to ¢nd the number of true factors that control elemental composition in the samples and to ¢nd the composition of each factor expressed in the detected elements, e.g., which elements and trace element co-variates with a particular stratum in the normal skin and if this co-variation is also true for a diseased skin. The actual analysis is done in eight dimensions, which eventually are projected down to two or three dimensions to be comprehensible (13) .
RESULTS

General comments on the e¡ect of the spatial resolution of the present Lund nuclear microprobe
The mass distribution pro¢le peaks in the stratum corneum. Because of the comparatively large probe size compared to the width of the stratum corneum, the mass peak, as well as the elemental and trace elemental distribution curves, will show tapering wings ( Figs. 1 and 2 ). The comparatively low spatial resolution of PIXE, achieved with a 5 mm diameter proton probe (Fig. 1b) , will therefore not allow detection of gradients within the stratum corneum. The low spatial resolution also has bearings on the elemental data distributions, e.g. the probe area will overlap into the topmost stratum granulosum or the space outside the stratum corneum (Fig. 1b) . Our previous experiences with the electron microprobe in the scanning transmission electron microscope (XRMA: probe size v0.5 mm) and data from the work of Warner (6, 19, 20) suggest that the present values of phosphorus (P), chlorine (Cl), potassium (K) and calcium (Ca) may therefore be too high.
Characteristics of normal skin
The Ca gradient has a bimodal form with a relatively high level in the basal region and a high level in the stratum granulosum/ corneum junction, subsequently dropping conspicuously to very low levels. Sulphur (S) follows the mass in principle, whereas P, Cl and K decline from high values in the basal region to low values in the stratum corneum region. Iron (Fe) has its peak value in the basal region and declines towards the stratum corneum and zinc (Zn) has its peak value in the stratum spinosum layer (Table I) .
Characteristics of paralesional psoriatic skin
The mass distribution in paralesional psoriatic skin rises from low values in the basal layer to very high levels in the stratum corneum (Table I ). The latter values are even up to 10-fold as high as those of normal skin. S has a bimodal distribution and is about 3-fold as high in the basal layer compared to normal skin. The peak value of S is found in the stratum corneum. Although higher than in normal skin, Cl and K distribute as in normal skin, whereas P actually has a peak value in the stratum granulosum/corneum. Fe is almost 4-fold as high in paralesional psoriatic skin and about three times higher in stratum corneum compared with normal skin. Zn has a peak in stratum corneum and is 4^5 times higher than in normal skin.
Characteristics of dry atopic skin
All elements are higher than normal skin (Table I ). The most conspicuous feature is the increasing Zn, which is even higher than in the paralesional psoriatic skin. It is notable that the Zn is high in the stratum corneum in contrast to normal skin.
DISCUSSION
The di¡erentiation process of the normal human epidermis has the corneocyte as end product. This is an extremely £attened, polygonal cell with a diameter to height ratio around 100:1. Corneocytes characteristically are devoid of a normal cytosol, contain no cell organelles and, in addition, normally lack even fragments from a nucleus. The lipid membrane of the keratinocytes of the viable epidermis is exchanged for a protein envelope in the corneocyte, rendering the cell highly resistant to detergents and enzymes. The overlapping corneocytes are ¢rmly joined by special desmosomes providing a three-dimensional sca¡old that mechanically protects the intercellular stacks of lipid bilayers that constitute the chemical barrier (3). These features result in a rigid structure that, due to the internal``¢ber reinforcement'' of keratin ¢brils, prevents the corneocyte from swelling in the horizontal dimension and thus the integrity of the skin surface is preserved when the body is immersed in water (14) . It is also interesting to note that the transition from the granular cells that carry highly condensed nuclei and a lipid envelope to the corneocyte is a very rapid process, and there are no reports of transition cells sharing the characteristics of both strata at either light microscopic or electron microscopic resolution.
Taking the above facts within the context of programmed cell death, or apoptosis, a number of conspicuous facts emerge. Apoptotic bodies formed from fragments of a cell undergoing apoptosis have been shown to hold highly cross-linked protein envelopes that are resistant to detergents or chaotropic agents (4) . The insolubility is due to formation of e(c-glutamyl)lysine isopeptide bonds. These bonds are the characteristic products of Ca 2z dependent transglutaminases. The apoptotic process is also very fast, cells having been reported to disintegrate and disappear completely within 4 h (2). Ca 2z plays a crucial role in many reports on apoptosis (5) and increased intracellular levels of Ca 2z may elicit series of secondary intracellular events such as activation of endonuclease, transglutaminase as well as morphological changes.
McCall & Cohen (11) have shown that endonuclease(s) responsible for the DNA fragmentation of the granular cells act in patterns that are seen in other cases of programmed cell death; 5mM Ca 2z in TMS suspension of either isolated granular or basal cells elicited fragmentation of the DNA, demonstrating that even basal cells contained endonucleases and that the keratinocytes of epidermis are destined to programmed cell death although under normal conditions the basal cells are protected from enzyme activation.
A unique property of PIXE analysis is that primary data are simultaneously collected, i.e. all elements within a particular pixel are simultaneously recorded. This makes it possible to study changes in ratios of elements of physiological signi¢-cance, e.g., Ca/Zn, and increases the signi¢cance of the interpretation of elemental data in a physiological context.
An inherent property related to the fact that the metabolic changes in a particular cell £uctuate with time is the fact that quantitative analysis of elements in a population of cells will generally show conspicuous variability in the absolute amounts of elements. In addition, the smaller the volume of analysis, the greater the variation expected in the obtained data, and this will be re£ected in the standard variation in small samples. The epidermis, which is a dynamic, di¡erentiating tissue will consequently yield data of great variability even when the analysis refers just to a single stratum. Standard deviations will therefore be large in small populations and the interpretation of data uncertain. The multivariate statistical analysis that we have performed in this investigation highlights the feasibility of this analysis technique and allows a biological interpretation not provided by the one-dimensional statistical analysis.
The variability in elemental distributions is well demonstrated by the cluster plot (Fig. 3a) , where the mean values for each stratum in each specimen are plotted in a cluster diagram for the stratum corneum. Two of the psoriasis cases (P1 and P6) appear in the region where the normal skin resides. Hence it appears that there is a great variability in the expression of the disease even in the normal skin.
The corresponding plot for stratum spinosum (Fig. 3b ) reveals that a number of psoriatics share the properties of normal skin. In contrast, a considerable number of atopics appear well outside the normal population, a fact which may indicate the immaturity of the atopic spinous layer.
The basal region shows great overlaps of psoriatics over normals. The atopics are sequestered outside these populations, although with a small overlap. This may be an expression of an increased cellular activity in the germinative pool to compensate for the functional impairment of the barrier (16) . An increased cell turnover may also explain the high levels of Fe in the dry atopic skin compared to normal skin.
When looking closer at our nuclear microprobe results we ¢nd that the ratio of Ca/Zn in stratum granulosum/corneum of paralesional psoriatic skin is approximately 8 : 1. This should be compared to a Ca/Zn ratio of 12 : 1 in normal skin and 15 : 1 in atopic skin, i.e. in the latter cases a clear dominance of Ca in the stratum granulosum/corneum region. It Table I . Elemental and trace elemental distributions over skin cross sections (ng/mg). Data given in mean¡SD can be speculated that the comparatively high Zn inhibits the ¢nal di¡erentiation (apoptotic) process in the paralesional psoriatic skin. Thus this may actually be an example of disturbed programmed cell death.
The Ca gradients over normal skin cross sections that we have previously reported (cf. 6, 7) are in harmony with these ¢ndings. However, we still lack an understanding of the processes that provide the increased Ca 2z gradient in paralesional psoriatic skin and in dry atopic skin, since the particle probe analysis provides us with total Ca, ignoring the fact that some of the Ca may be bound to intracellular stores (bound to proteins and lipids) and part exists in ionized form. Thus, there appears to be an in£ux of Ca 2z ions into the topmost strata of the epidermis, but the creation of this gradient remains to be elucidated.
CONCLUSION
In conclusion, we may state that particle probe analysis in combination with multivariate statistical analysis can provide new insights into the physiology of the epidermal di¡erentia-tion process. The simultaneous recording of elements within a given specimen volume makes it possible to apply a multivariate statistical method for the analysis of covariation of a number of biologically interesting variables such as trace elements versus epidermal strata, and skin type. Further, PIXE makes it possible to assess ratios of physiologically important elements, in our particular case, Ca and Zn. Such ratios are expected to mirror the pathophysiology of skin disorder, e.g., the con£ict-ing e¡ects of Ca 2z and Zn 2z to the ¢nal stages of epidermal di¡erentiation.
The details of distributions within the stratum granulosum and stratum corneum respectively remain to be scrutinized when a higher resolution nuclear probe becomes available. We therefore suggest that future studies with biochemical, morphological and immunological methods should, when possible, be combined with high resolution particle probe analysis to reveal the important physiological aspects of the process of programmed cell death in normal and pathological epidermis. Fig. 3 . Diagrams of cluster analysis of data from stratum corneum (top panel), stratum spinosum (middle panel) and stratum basale (bottom panel) obtained by multivariate statistical analysis. The process of principal component modelling corresponds geometrically to ¢t-ting a plane to the data (represented as points in a multidimensional space) with the variables (e.g. the strata and the skin type, respectively) as axes. The t 1 , t 2 , plots show how the samples are distributed on this projection plane. Thus this type of ¢tting procedure helps ¢nd the maximized correlations between a particular stratum and a skin type. N: normal skin; A: dry atopic skin; P: paralesional psoriatic skin; numbers refers to individuals.
